Abstract. The significance of the cranial base in the development of Class III malocclusion remains uncertain. The purpose of this study was to determine whether the form of the cranial base differs between prepubertal Class I and Class III subjects. Lateral cephalographs of 73 children of European-American descent aged between 5 and 11 years with Class III malocclusion were compared with those of their counterparts with a normal, Class I molar occlusion. The cephalographs were traced, checked, and subdivided into seven age-and sex-matched groups. Average geometries, scaled to an equivalent size, were generated based on 13 craniofacial landmarks by means of Procrustes analysis, and these configurations were statistically tested for equivalence. Bivariate and multivariate analyses utilizing 5 linear and angular measurements were undertaken to corroborate the Procrustes analysis. Graphical analysis, utilizing thin-plate spline and finite element methods, was performed for localization of differences in cranial base morphology. Results indicated that cranial base morphology differed statistically for all age-wise comparisons. Graphical analysis revealed that the greatest differences in morphology occurred in the posterior cranial base region, which generally consisted of horizontal compression, vertical expansion, and size contraction. The sphenoidal region displayed expansion, while the anterior regions showed shearing and local increases in size. It is concluded that the shape of the cranial base differs in subjects with Class III malocclusion compared with the normal Class I configuration, due in part to deficient orthocephalization, or failure of the cranial base to flatten during development.
Introduction
Class III malocclusions result from morphological disharmony between the maxilla and mandible. This group of malocclusions is characterized generally by several developmental and craniofacial features, including an acute mandibular plane angle, obtuse gonial angle, and an overdeveloped mandible/underdeveloped maxilla (Jacobson et al., 1974; Ellis and McNamara, 1984; Sato, 1994) .
Although Class III malocclusions occur much less frequently than Class II malocclusions (Haynes, 1970; Foster and Day, 1974) , they frequently are associated with craniofacial syndromes and require orthodontic intervention for the correction of functional deficiencies in mastication, respiration, and/or phonation. Therefore, the etiology and expression of Class III malocclusion must be understood before it can be clinically corrected.
Maxillary retrognathia, without mandibular prognathism, has been reported to occur in between 20 and 30% of adult patients with Class III malocclusions (Sanborn, 1955; Dietrich, 1970; Jacobson et al., 1974; Ellis and McNamara, 1984) . The cranial base is a likely anatomical candidate to be involved in Class III malocclusions, since it forms the central core of the cranium, providing a major support structure on which the midface develops. Similarly, the cranial base is abnormally short with a deficient posterior region in an experimental midfacially-retrognathic mouse model (Lozanoff et al., 1994; Ma and Lozanoff, 1996) . While some authors report that a short cranial base is a major morphological feature characteristic of a Class III craniofacial configuration (Stapf, 1948; Hopkin et al., 1968; Kerr and Adams, 1988) , others suggest that a Class III cranial base morphology does not differ from that seen in subjects with a normal Class I profile (Anderson and Popovich, 1983) . A possible explanation for these contradictory results may be that the cranial base is usually represented by a limited number of anatomical landmarks which may not be sufficient for accurate characterization of its contribution to the Class III configuration. Also, most studies do not account for size differences between individuals which may confound results, as noted by Battagel (1993 Battagel ( , 1994 . The purpose of this study was to test the hypothesis that cranial 694 base morphometry differs between Class I and Class III subjects. If significant differences between cranial base morphologies are found, anatomical alterations will be loalized graphically. This studyciaz onnewer morphometric techniques which normalize geometric areas, thus eliminating the ondig efects intoduced by size differences between individuals.
Materials and methods

Sample
The sample used in this analysis was derived from a total of 142 children of European-American descent between the ages of 5 and 11 years. The use of archival radiographs conformed to institutional standards at the University of Michigan (USA), since human subjects had participated after providing informed consent to a protocol that had been reviewed and approved by an appropriate institutional board. A total of 73 subjects with Class III molar occlusion (Guyer et al., 1986) with a normal, Class I mob intervals. The total sample ir number of male and female inc airway problems and no obvic
The chronological age was assi in this study, since carpal l Therefore, the total sample con 7, 8, 9, 10, 11 Procrustes analysis (Gower, 1975; Rohlf and Slice, 1990 (Gower, 1975; Appendix) . In each case, the null hypothesis was that the Class I mean was not significantly different from the Class III average. Residuals and corresponding F values were computed, tabulated, and compared.
A battery of five linear and five angular cranial base measurements was delineated and analyzed by bivariate and multivariate statistical analysis, due to concerns expressed by Lele (1993) 
Graphical analysis
To localize differences in cranial base morphologies, we undertook two graphical analyses. The average landmark configuration for each age group generated with the Procrustes analysis was used for this analysis. Thin-plate spline analysis Rohlf (1996) . Graphical displays of the total spline comparison (affine and non-affine components combined) at each age interval were calculated. Qualitative analysis was undertaken by the identification of areas of greatest deformation; these alterations were then characterized. Similarly, finite element methodology (FEM) was undertaken following Lozanoff and Diewert (1989) . In this case, the Class I average was taken as the initial geometry, and the Class III configuration was the final geometry. Size-change variables were calculated as the product of principal extensions (Lozanoff and Diewert, 1986 
Results
Residuals from the Procrustes analysis at each age were tabulated and compared by means of an F distribution (Table 2) . Statistically significant differences between the landmark configurations occurred at the p < 0.05 level for all age comparisons except the age 7 group. In this case, the probability of a statistical difference between average landmark configurations was marginal, with p < 0.10.
Results of the univariate and multivariate analyses are presented in Tables 3 and 4 . Wilks' test indicated that 94% of the cranial variables displayed a w > 0.9, indicative of a normal distribution. A further 3.5% of the variables showed a w > 0.8 level, and only 1% of the variables demonstrated a skewed distribution (p < 0.05). Therefore, the vast majority of linear measures was taken to be normally distributed. Similarly, Levene's test indicated equivalence of variance for 99% of the linear and angular variables. Therefore, the assumptions of normality and equivalence of variance were accepted for linear and angular measures, enabling further bivariate and multivariate analyses to be carried out.
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Cranial Base in Class III Subjects (Fig. 2) . For the 5-year-old group, the total spline indicated compression in the horizontal axis in the region of the posterior cranial base, affecting Bolton point and basion ( Fig. 2A) . However, some vertical expansion, particularly in the sphenoidal complex, and downward GlNNb, which is very pronounced for the oldest age group (G).
deformation of the anterior cranial base was also evident ( Fig.   2A ). For the 6-year-old comparison, the total spine indicated vertical and horizontal compression of the posterior cranial base. Although some expansion was evident in the midcranial region, the anterior-most region of the cranial base demonstrated a most marked upward and forward deformation for this age comparison (Fig. 2B) . The posterior cranial base displayed horizontal compression with vertical stretching at basion for the 7-year-old comparison as well (Fig.  2C) . While the mid-cranial base region displayed some upward expansion, the anterior cranial base demonstrated (Fig.  2F) . The 11-year-old comparison indicated some compression of the posterior cranial base in the horizontal plane (Fig. 2G) . Although the mid-cranial region showed some upward expansion, an inferior deformation of the anterior cranial base, predominantly localized at the frontonasomaillary suture, was the dominant feature for this age group (Fig. 2G) .
Graphical displays of FEM 1e size-change values for the Class I vs. Class III geometries at each age group comparison are provided in Fig. 3 . For the 5-year-old comparison, the posterior cranial base had a high gradient of compression along the anteroposterior axishighest in the region of Bolton point (51% , Table 5 ), with compression decreasing between basion and articulare (Fig.  3A) . In contrast, the body of the sphenoid and the frontonasomaxillary regions exhibited an increase in local size, whereas the intervening region had values around the 1.0 level, indicating isometry in these regions (Table 5 , Fig.  3A ). The 6-year-old comparison showed compression in the posterior cranial base (Bolton point, 61%, base was not evident (Fig. 3B ). In contrast, there was a minor, relative increase in the region of the sphenoidal air sinus, but the frontonasal region showed a strong positive expansion with its epicenter located at the frontonasomaxillary suture (90% , Table 5 ). In the 7-year-old comparison, negative allometry was evident in the posterior cranial base (Bolton point = 45%, (Fig. 3D ). In contrast, there was an increase in local size in the body of the sphenoid, but the anterior cranial base was more isometric (Fig. 3D ). The 9-year-old comparison showed local size decrease in the posterior cranial base (35%, Bolton point, Table 5 ), with an increasing gradient through to the body of the sphenoid (Fig. 5E) . In contrast to a relative increase in the sphenoid, the anterior cranial base showed an even greater size increase, with its epicenter located at the frontonasomaxillary suture (54%, Table 5 ). A decrease in size occurred in the posterior cranial base for the 10-year-old comparison (42%, Bolton point, Table 5 ), with an increasing gradient through to the sphenoid (Fig. 3F) . The anterior cranial base was more isometric but also showed some slight decreases in local size in the region of the frontonasomaxillary suture (Fig. 3F) . Similarly, the posterior cranial base showed local decreases in size for the posterior cranial base (40%, Bolton point, Table 5 ), with an increasing gradient through to the sphenoidal region for the 11-yearold comparison (Table 5 , Fig. 3G ). In contrast, increased size occurred in the body of the sphenoid, but a relative decrease in size was seen in the area of the frontonasomaxillary suture (Fig. 3G ).
Discussion
Although longitudinal samples may be better than crosssectional samples with the same number of radiographs for establishing growth patterns, serial cephalographs were not available for this study, which depends upon age-and sexmatched groups. Similarly, although Class III malocclusion can be defined in different ways-for example, on the basis of cephalometric analysis (e.g., Enlow et al., 1969) , Class III incisor relationship (Battagel, 1994) , or Class III molar relationship (Guyer et al., 1986 )-only the latter definition was adopted in this particular study. Indeed, functional contributions often are an important complicating factor in Class III malocclusion, and such heterogeneity may account for some of the difficulties encountered in the investigation of Class III malocclusion (Jacobson et al., 1974) . Nevertheless, a random nature of selection is a fundamentally important assumption in the analysis of variance (Sokal and Rohlf, 1981) , and we complied with this principle despite the limited size of our cross-sectional sample. The importance of cranial base length to the contribution of midfacial retrognathia and Class III malocclusion remains unclear due to contradictory results from cephalometric studies. Various investigators have reported that cranial base length is smaller in Class III subjects compared with their Class I counterparts (Sanborn, 1955; Hopkin et al., 1968; Kerr and Adams, 1988) , while others show only minor differences (Battagel, 1993 (Battagel, , 1994 or none at all (Anderson and Popovich, 1983; Williams and Anderson, 1986) . Further, Guyer et al. (1986) reported that S-N is larger in length for Class III subjects between ages 5 and 7. Results from the cephalometric analysis in this study indicate only slight differences in anterior cranial base length, with the Class I sample showing a greater length between 8 and 9 years of age. This concurs generally with Battagel's (1993 Battagel's ( , 1994 findings, where sella-nasion length was marginally greater in Class I subjects. On the one hand, it would seem that anterior cranial base length may not play an important role in the etiology of Class III malocclusion, due to the conflicting nature of the data reported in the literature. However, nasion may be quite variable in its position during growth and thus may contribute to the contradictory findings (Kerr, 1978; Lestrel et al., 1993) . The posterior cranial base, represented by Pc-Bo length in this study, was consistently and significantly shorter in Class III subjects at all ages. However, S-Ba length did not differ significantly between occlusal groups. There is ample evidence that increases in S-Ba length occur due to growth activity in the spheno-occipital synchondrosis, and that this distance increases slowly until early adulthood (Melsen, 1972 (Melsen, , 1974 Ohtsuki et al., 1982) . In fact, resorptive remodeling of the posterior cranial base probably continues in the area of the foramen magnum even after fusion of the spheno-occipital synchondrosis, which could contribute to perceived growth changes (Hoyte, 1975 (Hoyte, , 1991 . Therefore, differences in growth remodeling of the clivus and foramen magnum between Class I and Class III groups probably contribute to the differences in posterior cranial base length seen in this study. Head posture may also play a role in positioning of the foramen magnum, thus augmenting Pc-Bo length (Solow and Tallgren, 1970; Cole, 1988) . Alternately, cranial base angulation is considered to occur through the spheno-occipital synchondrosis (Bjork, 1955) . It would seem that the Pc-Bo length would be more affected by rotation at this synchondrosis compared with S-Ba length.
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Cranial Base in Class III Subjects
Cranial base angle, in addition to the movement of the mandible and maxilla with respect to the cranium and remodeling along the facial profile between nasion and menton, has been hypothesized as a major factor determining the degree of facial prognathism (Scott, 1958 (Scott, , 1967 . Although this hypothesis has been supported in numerous studies (Hopkin et al., 1968; Guyer et al., 1986; Ellis and McNamara, 1984; Williams and Andersen, 1986; Kerr and Adams, 1988; Battagel, 1993 Battagel, , 1994 Sato, 1994) , others disagree (Anderson and Popovich, 1983) . Results from this study concur with these earlier findings and indicate that the saddle angle (NSBa) as well as the two other cranial base angles (NSAr and NPcBo) show differences between the Class I and Class III configurations, with more acute angles in the Class III morphology. Although Anderson and Popovich (1983) could find no correlation between cranial base angle and Class III occlusion, it would seem that this configuration is strongly influenced by acute cranial base angles. In addition to the more acute cranial base angles, Class III subjects displayed a more obtuse frontonasal angle (GlNNb), presumably associated with a flatter midfacial profile.
A confounding problem in cephalometric analyses is that geometric relationships are not corrected for size (Battagel, 1994) . Therefore, a larger individual may display a greater absolute length compared with a smaller subject, when in fact the value may be smaller if it is normalized for size. Procrustes analysis avoids this problem, since geometries are scaled to equivalent sizes. Results from the Procrustes analysis indicated that the overall cranial base configuration differed between groups at all ages. This finding was corroborated by the multivariate analysis which indicated an overall difference between Class I and Class III configurations at each age interval. These results support Dietrich's (1970) hypothesis that a Class III configuration is due, in part, to positional, i.e., shape, changes in the cranial base. Therefore, one would predict differences in regional morphology and growth potentials within the cranial base of Class III individuals compared with Class I subjects.
Results from the graphical analysis indicated that large spatial-scale deformations affected the posterior cranial base, while localized shearing was more apparent in the region of sella turcica and the frontonasal suture, as indicated by the thin-plate spline analysis. Similarly, decreases in local sizes occurred in the posterior cranial base, while large increases in local size were seen in the area of sella turcica and the frontonasal region. These results suggest that the posterior cranial base is displaced anteriorly relative to the anterior cranial base in Class III craniofacial configurations. This would have the effect of decreasing the total length of the cranial base and simultaneously cause an acute cranial base angle, again supporting the hypothesis that abnormal cranial base shape contributes to the etiology of a Class III malocclusion.
The shape of the cranial base appears to be established during fetal development (Ford, 1956; Diewert, 1983; Burdi et al., 1988) , and it remains relatively stable during postnatal growth (Lewis and Roche, 1977; Lestrel and Roche, 1986) . A prominent feature of this early growth is a progressive flattening of the cranial base during late prenatal development (Ford, 1956; Burdi, 1969; Diewert, 1983 Diewert, , 1985 . Although some reports indicate that a closing of the cranial base angle occurs postnatally (George, 1978; Lang, 1983) , morphological instability of nasion casts some doubt on these results (Kerr, 1978) . Therefore, the Class III morphology may be established very early in development, possibly prenatally. As well, the Class III cranial base may arise due not to an increased cranial base flexion, but rather to deficient orthocephalization, or failure of the cranial base to flatten antero-posteriorly.
Cephalometric analysis remains the foundation for the clinical diagnosis of Class III malocclusion. However, while some authors have reported the existence of definitive cephalometric variables which can characterize a Class III malocclusion, e.g., cranial base angle (Sato, 1994) , others conclude that no single cephalometric measurement is indicative of a Class III potential (Williams and Andersen, 1986) . Indeed, Battagel (1994) considers the search for cephalometric parameters indicative of growth potential in Class III malocclusion to be somewhat unproductive. Therefore, this study utilized newer morphometric procedures, including Procrustes, thin-plate spline, and FEM analyses. As a result of these procedures, geometric configurations of anatomical landmarks can be scaled to equivalent areas, thus avoiding the problems introduced by differences in cranial base size. As well, the thin-plate spline and FEM graphical analyses avoid registration on any individual node, thus obviating misleading conclusions due to relative changes in position for any landmark used as a register. The relative usefulness of individual morphometric procedures is an area of intensive debate (Rohlf and Marcus, 1993) . For example, valid arguments have been presented indicating that homologous point-based methods depend upon the landmarks selected for analysis as well as on the interpolation function used (Read and Lestrel, 1986; Bookstein, 1991; Richtsmeier et al., 1992) . However, it would appear that each technique has relative merits and can provide useful information. Ultimately, any morphometric technique provides simply a description which can be used to hypothesize a mechanism. The biological mechanism suggested here, i.e., that Class III malocclusion results from deficient orthocephalization, remains to be tested experimentally. 
